We report the correlated d 0 ferromagnetism and photoluminescence in undoped single-crystalline ZnO nanowires synthesized by using a vapor transport method. We systematically tune the oxygen deficiency in the ZnO nanowires from 4% to 20% by adjusting the growth conditions, i.e., selecting different catalyst ͑Au or Ag͒ and varying the growth temperature. Our study suggests that oxygen vacancies induce characteristic photoluminescence and significantly boost the room-temperature ferromagnetism. Such undoped ZnO nanowires with tunable magnetic and optical properties are promising to find applications in multifunctional spintronic and photonic nanodevices. © 2010 American Institute of Physics. ͓doi:10.1063/1.3340930͔
Wide band gap diluted magnetic semiconductors have gained much attention recently as a promising route to realize semiconductor-based spintronics. 1 ZnO posits as a prominent player, boasting a large exciton binding energy ͑60 meV͒ at room-temperature ͑RT͒ and many applications in optoelectronics and transparent electronics. 2 Recently, roomtemperature ferromagnetism ͑RTFM͒ has been reported in ZnO doped with transition metals such as Mn, Co, and Cu, which makes ZnO promising for spintronics applications. [3] [4] [5] However, besides the issues of stability and reproducibility, it remains controversial whether RTFM is intrinsic or due to extrinsic origins such as metal clusters and precipitates of impurity phases. Adding to these existing literatures, there have been a few notable reports on RTFM in undoped ZnO. Banerjee et al. 6 reported the enhancement of ferromagnetism in pure ZnO powder upon thermal annealing, which was linked to the formation of oxygen vacancy ͑V o ͒ clusters. Xu et al. 7 also reported ferromagnetism in ZnO thin films and attributed it to the intrinsic defects. Most recently, Potzger et al. 8 produced ferromagnetism in pure ZnO powder by applying mechanical force, where strain and domain boundaries were considered as the origin of the observed ferromagnetic signals.
So far, most of the previous magnetic studies on pure ZnO have been concentrated on bulk and thin film samples. However, there has been no systematic investigation on magnetic characteristics of undoped ZnO nanowires ͑NWs͒. With high surface-to-volume ratios, the electronic configuration of one-dimensional NWs is amenable to be altered, which could be used as a tool to establish long range magnetic ordering. 9 In this letter, we report a comparative study on the ferromagnetism in undoped single-crystalline ZnO NWs grown by the vapor transport method. By carefully selecting the catalyst and varying the growth temperature, we can reproducibly tune the oxygen content in the NWs, which is accompanied by the characteristic defect-related emissions in the photoluminescence ͑PL͒ spectra. Our systematic studies suggest that both the PL and the RTFM are closely correlated with the oxygen deficiency in the undoped ZnO NWs.
Three types of ZnO NWs were prepared by using the vapor transport method in a horizontal tube furnace equipped with a gas supply and pumping system. The experimental setup was described in previous reports. [10] [11] [12] [13] Typically, ZnO or Zn powder was used as the source, and argon mixed with 5% oxygen was used as the carrying gas. Silicon substrates were sputtered with 2 nm Au or Ag film as the catalyst before being placed downstream 5-6 cm away from the source. The experimental conditions and the properties of the synthesized NWs are summarized in Table I .
As shown in the scanning electron microscopy ͑SEM͒ images in Fig. 1͑a͒ , Au catalyst and a high growth temperature ͑960°C͒ give randomly dispersed NWs ͑sample NW-1͒ with diameters of 50-100 nm and lengths of a few micrometers. On the other hand, a low temperature ͑520°C͒ growth gives thicker and shorter NWs ͓Fig. 1͑b͒, sample NW-2͔. The Ag catalyzed sample grown at low temperature ͑sample NW-3͒ shows vertically aligned NWs ͓Fig. 1͑c͔͒. In the x-ray diffraction ͑XRD͒ patterns ͓Fig. 1͑d͔͒, all peaks can be identified with the crystalline wurtzite ZnO structure. Except the catalyst Au in NW-1 and NW-2, there is no detectable secondary phase.
X-ray photoelectron spectroscopy ͑XPS͒ measurements were performed on these NW samples to assess the oxygen content. The survey scans show no impurity above the detection limit. Figures 1͑e͒-1͑g͒ depict the multicomponent fitting to the O 1s peaks in NW-1, NW-2, and NW-3, respectively, which were normalized by the Zn 2p peaks accordingly. The peaks at lower and higher energies can be attributed to O 2− ions and absorbed oxygen, respectively. 14 The relative chemical compositions were calculated and we determined the nonstoichiometric formula for samples NW-1, NW-2, and NW-3 to be ZnO 0.80 , ZnO 0.90 , and ZnO 0.96 , respectively, and the corresponding O/Zn atomic ratios were plotted in Fig. 1͑h͒ . Previous theoretical calculations have suggested that the high oxygen deficiency in oxides should be attributed to oxygen vacancies instead of cation interstitials due to their lower formation energy. 15 Thus we can conclude that the concentrations of oxygen vacancies were systematically adjusted in these samples. PL measurements were carried out by using a He-Cd laser with an excitation wavelength of 325 nm. In the PL spectra taken at RT ͓Fig. 2͑a͔͒, a near-band-edge ͑NBE͒ UV peak dominates in NW-3, but significantly weaker in NW-1. On the other hand, NW-1 is featured with a broad deep level emission ͑DLE͒ in the visible region, which can be ascribed to the transitions of the excited optical centers from the deep levels to the valence band. 16 These deep levels are associated with the intrinsic defects in the NWs, presumably oxygen vacancies. The integrated intensity ratio of the defect green emission to the UV emission ͑GB/UV͒ is largest in NW-1 and smallest in NW-3. Considering this strong contrast, we focus on the PL results obtained on these two samples. Figure 2͑b͒ illustrates the low temperature ͑5 K͒ PL spectra for NW-1 and NW-3. The NBE emission dominates the PL spectra of NW-3, and as shown in Fig. 2͑c͒ , the associated fine structures were clearly resolved. The emission peaks at 3.365 and 3.360 eV can be assigned to excitons bound to neutral donors ͑D o X͒ 2,16 and acceptor-bound excitons ͑A o X͒, 2 respectively. In Fig. 2͑b͒ the peak located at 3.310 eV might be the first LO photon replica of the free exciton ͑1LO-FE A n=1 ͒.
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The D o X NBE emission is much stronger in NW-1 than that in NW-3 due to the presence of high-density oxygen vacancies as donors. In Fig. 2͑b͒ , DLE ͑green emission band͒ shows fine structures, which repeat with a longitudinaloptical-phonon-energy spacing ͑ϳ72 meV͒ and are associated with the transitions involving shallow donors ͑oxygen vacancies͒. 17 Fig. 2͑d͒ shows the temperature-dependent PL spectra of NW-1, illustrating the evolution of the dominant DLE from RT down to 5 K.
The contrasts in oxygen content and optical characteristics in samples NW-1, NW-2, and NW-3 motivated us to carry out a comparative study on their magnetic properties. Magnetization measurements were carried out by using a superconducting quantum interference devices magnetometer ͑SQUID, Quantum Design, MPMSXL-5͒. Only plastic tweezers were used throughout the experiments to avoid unintentional metal contamination. The diamagnetic backgrounds of the Si substrates were subtracted from the raw data. Considering that nanoscale Au, Ag may induce weak ferromagnetism, 18, 19 we first investigated the magnetic characteristics of the silicon substrates coated with Au or Ag thin films. All substrates without NWs growth showed only diamagnetic behaviors. Figure 3͑a͒ depicts the magnetization versus magnetic field ͑M − H͒ curves measured on NW-1, NW-2, and NW-3 at 5 and 300 K. Both NW-1 and NW-2 exhibit clear hysteresis loops, suggesting RTFM. In contrast, the magnetism is very weak in NW-3. Remarkably, the magnetization of NW-1 is about 25 times higher than that of NW-3. As shown in Fig. 3͑b͒ , the magnetizations versus temperature ͑M − T͒ curves were measured under a magnetic field of 500 Oe under both zero-field-cooled ͑ZFC͒ and field- 2 . ͑Color online͒ ͑a͒ RT PL spectra of NW-1, NW-2, and NW-3. ͑b͒ 5 K PL spectra of NW-1 and NW-3. ͑c͒ Enlarged view of the NBE region of NW-1 and NW-3 at 5 K. ͑d͒ Temperature-dependent PL spectra of NW-1 from 5 to 300 K.
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cooled ͑FC͒ conditions. In accordance with the M − H data, the temperature-dependent magnetization of NW-1 is much stronger than those of NW-2 and NW-3, which we attribute to the presence of substantial oxygen vacancies in NW-1. A comparative study on these three kinds of NW samples revealed a strong correlation between the ferromagnetism and the oxygen deficiency. The RT saturation magnetizations and the GB/UV emission ratios of NW-1, NW-2, and NW-3 versus their corresponding levels of oxygen deficiency are shown in Fig. 4 . The trend is clear: oxygen vacancies boost both the GB emission and the magnetism. However, it is noteworthy that the GB/UV emission ratio in NW-1 is more than twenty times higher than that in NW-2 while changes in the oxygen deficiency level and saturation magnetization are much more modest. This result indicates that a certain density of oxygen vacancies is needed in order to completely quench the NBE emission. Although both PL and magnetic properties are closely linked with the oxygen deficiency, the associated physical mechanisms and their quantitative dependence are very different.
RTFM has been observed previously in undoped wide band gap oxide thin films and nanoparticles such as TiO 2 , HfO 2 , In 2 O 3 , CeO 2 , and SnO 2 , and its origin is usually linked to the oxygen deficiency. 20, 21 These findings of RTFM with the absence of any transition metal doping have attracted significant attention and were called "d 0 ferromagnetism." 22 The RTFM in our samples can be attributed to the large population of bond defects, i.e., V o , since they can initiate defect-related hybridization at the Fermi level and establish a long-range ferromagnetic ordering. 23 A high concentration of V o could also promote the probable formation of anionic vacancy clusters which can induce sizable magnetic moments. 6 Although our result does not exclude other types of defects like cation vacancies as the origin of long range ferromagnetic ordering, 24, 25 these defects often have higher formation energy than V o and can form only in oxygen rich environments. 26 Our experiments were carried out in oxygen poor conditions where V o always contributes to the nonstoichiometry. 27 The tunable RTFM in NW samples confirms that oxygen vacancies can be purposely used to establish and regulate the ferromagnetic ordering.
In summary, we found that the concentration of oxygen vacancies directly regulates both the well-known defectsrelated green emission and the ferromagnetism. The present study not only demonstrates that undoped ZnO NWs can emit green light and show RTFM with energetic stability, but also suggests that introducing oxygen vacancies is an effective way to boost the d 0 ferromagnetism. These engineered NWs with carefully tailored composition may find potential applications in nanoscale spintronic devices. 
